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ABSTRACT: Engineering artificial skin constructs is an ongoing Preparation Characterization Cell colonization
challenge. An ideal material for hosting skin cells is still to be ~ 'S°*loré00rL Suffattf‘h‘:nimry NHDFs or ADSCs
discovered. A promising candidate is low-cost cellulose, which is
commonly fabricated in the form of a mesh and is applied as a

wound dressing. Unfortunately, the structure and the topography
of current cellulose meshes are not optimal for cell growth. To

enhance the surface structure and the physicochemical properties Drying 50°C 24 h
of a commercially available mesh, we coated the mesh with wood-

derived cellulose nanofibrils (CNFs). Three different types of mesh CCNFs ) )
coatings are proposed in this study as a skin cell carrier: positively 2CNFs mﬁ
charged cationic cellulose nanofibrils (cCNFs), negatively charged c+aCNFs  _/Cellulose mesh® CNFs

anionic cellulose nanofibrils (aCNFs), and a combination of these
two materials (c+aCNFs). These cell carriers were seeded with
normal human dermal fibroblasts (NHDFs) or with human adipose-derived stem cells (ADSCs) to investigate cell adhesion,
spreading, morphology, and proliferation. The negatively charged aCNF coating significantly improved the proliferation of both cell
types. The positively charged cCNF coating significantly enhanced the adhesion of ADSCs only. The number of NHDFs was similar
on the cCNF coatings and on the noncoated pristine cellulose mesh. However, the three-dimensional (3D) structure of the cCNF
coating promoted cell survival. The c+aCNF construct proved to combine benefits from both types of CNFs, which means that the
c+aCNF cell carrier is a promising candidate for further application in skin tissue engineering.

1. INTRODUCTION weak negative charge in an aqueous solution in the unmodified

Cellulose is frequently used in the production of biomaterials form, which is not optimal for the growth of mammalian cells.

as a scaffold material to carry other molecules, supporting cell To enhance the cell—surface interactions, the CNF surface can

adhesion and promoting cell proliferation. Cellulose is an be chemically modified to adjust the hydrophilicity or the
affordable biocompatible material that can be processed into surface charge, depending on the requirements of different cell
cellulose nanofibrils (CNFs) and nanocellulose-based matrices types.””* It has been reported that the modifications of CNFs
with precisely controlled physical and chemical properties. with cationic or anionic functional groups promoted cell

Wood-derived CNFs are manufactured from wood pulp adhesion, proliferation,”” cytocompatibility,'>'" cell growth
using mechanical techniques alone or in combination with directionality,12 water solubility, and bonding of other
chemical and enzyme-assisted pretreatments.” The physico- bioactive molecules,” such as collagen13 and other peptides
chemical parameters of CNFs, such as swelling, are affected by and proteins.” The beneficial effect of CNF hydrogels is

hydrogen bonding and can be tuned by modifying the CNF
dimensions or the charge density.”’ The common length of
CNFs is within the micrometer range, whereas the width of
CNFs is in the nanometer range,z’4 which mimics the
dimensions of extracellular matrix (ECM) components, such
as collagen fibrils.> Moreover, CNFs form multiple types of
solids, such as hydrogels, aerogels, and films with the stiffness
range of the dermis and epidermis.” These materials absorb
significant quantities of water, which is a desired property of
wound dressings. The surface properties of wound dressings
also have an effect on cellular behavior. The CNF surface has a

especially emphasized in three-dimensional (3D) cell culti-
vation.'"'*"> The application of CNFs as a wound dressing
has also recently reached the clinical evaluation phase,' and it
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has been examined as a promising scaffold under in vitro
conditions.”' "

There are two common chemical modifications that change
the charge of the cellulose chain: (1) grafting of amomc
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) oxidation'”
and (2) grafting of cationic glycidyltrimethylammonium
chloride (GTMAC).® The benefit of these modifications is in
adjusting the desired surface properties of CNFs, e.g., for
controlled adsorption of bioactive molecules, which can be
further stabilized by cross-linking, driven by chemical func-
tional groups introduced into the cellulose molecule.”
TEMPO-mediated oxidation also allows low-energy mechan-
ical disintegration of oxidized fibers.”” TEMPO-oxidized
anionic CNFs (aCNFs) promote cell adhesion and grow’ch.]2
GTMAC-modified cationic CNFs (cCNFs) effectively adsorb
negatively charged compounds,'”” including cell adhesion-
mediating proteins,é’21 mediate the binding and the release of
hydrophobic drugs,22 have an antimicrobial effect,”® and
facilitate cell attachment through electrostatic interactions.®
The attachment of anchorage-dependent cells to CNFs is
essential for a newly developed skin cell carrier. The cell
adhesion can, be regulated by modulatmg the roughness and
the stiffness,***> the surface chemlstry, the wettablhty,3 27
or the electrostatic forces of the substrate.*®

The present work enhances knowledge about the behavior
of cells on promising charged CNF coatings of commercial,
economical, and environmentally friendly cellulose meshes. To
find an appropriate cell carrier for tissue engineering and
wound healing applications, 3D and two-dimensional (2D)
coatings of cationic (cCNF), anionic (aCNF), and combined
(c+aCNF) nanocellulose were deposited on commercially
available cellulose meshes. Since the proposed materials are to
be used for skin applications, the CNF-coated meshes were
tested in vitro with normal human dermal fibroblasts (NHDFs)
and with hypodermal human adipose-tissue-derived stem cells
(ADSCs).

2. MATERIALS AND METHODS

2.1. Production of Cellulose Nanofibrils. The CNF production
and characterization were performed according to the study by
Skogberg et al.'” Both anionic and cationic CNF grades were
produced from once-dried bleached birch kraft pulp. Anionic CNFs
(aCNFs) were produced using TEMPO-mediated oxidation, as
described by Saito et al;** see Supporting Methods (S1.1). Cationic
CNFs (cCNFs) were produced by introducing a positive charge using
2,3-epoxypropyl trimethylammonium chloride (EPTMAC; Raisacat,
Chimagate, La})ua, Finland); the protocol is described in detail in our
earlier study.'” CNF materials were received from VIT Technical
Research Centre (Espoo, Finland).

2.2. Preparation of CNF-Coated Meshes. PurCotton highly
pure spunlace nonwoven cotton fabric (Winner Industrial Park,
Shenzhen, China) was cut into 1.5 X 1.5 cm® samples (further
referred to as “noncoated meshes”). The meshes were fixed into
CellCrown inserts (Scaffdex Ltd., Tampere, Finland), which were
inserted into 24-well cell culture plates (TPP, Trasadingen, Switzer-
land).

The CNF gels were diluted to a 0.15% (w/v) solution in Milli-Q
water, sonicated for 2 min at 20% amplitude, and centrifuged at
10 000g for 60 min."> The CNF-coated meshes were prepared using
either 150 or 600 uL of cCNF and aCNF supernatants (further
referred to as “c150, c600, a150, a600”) and by a combination of these
supernatants (c+a), as described in Supporting Methods (S1.2). A
pristine noncoated mesh was used as the control. The CNF-coated
samples were dried for 24 h in a laboratory dryer (Binder, Tuttlingen,
Germany) at 50 °C (Scheme 1). The sterilization included UV-C
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Scheme 1. Schematic Picture of the Preparation of the
Different Coating Topographies on the Cellulose Meshes
Using cCNF and aCNF Solutions
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irradiation of both sides of the sample in a flow box for 20 min. The
samples were sterilized twice in inserts in a sterile Petri dish before the
CNF coatings were prepared and then after the CNF coatings had
been dried.

2.3. Characterization of the Noncoated and CNF-Coated
Meshes. The CNF-coated meshes were characterized by scanning
electron microscopy (SEM; Section 2.3.1) and atomic force
microscopy (AFM; Section 2.3.3). Noncoated meshes were also
imaged by microCT (S1.3). In addition, the physicochemical
properties, ie., the wettability (S1.4), the swelling ratio (Section
2.3.2), and the surface stiffness (Section 2.3.3), were studied.

2.3.1. Topography of CNF-Coated Meshes Using SEM. Front and
side views of the CNF-coated meshes (c150, c600, a150, a600, and ¢
+a) and noncoated meshes were acquired using SEM (ULTRAplus,
Carl Zeiss, Oberkochen, Germany). The samples were attached to
aluminum SEM stubs using a carbon tape and carbon-coated to avoid
charging during the SEM studies. The front view was scanned from
the surface of the CNF-coated or noncoated meshes, while the side
view was scanned from the cut edges.

2.3.2. Swelling Ratio Measurements. The swelling ratio was
measured either on a600, c600, and c+aCNF-coated and noncoated
meshes (1 = 3) or the corresponding glass coverslips (600 L, n = 3).
The initial dry weight (W,;) was measured before the samples were
immersed in deionized water (dH,O) or in Dulbecco’s modified Eagle
medium (DMEM) at 37 °C. The swollen samples were weighed (W)
at two time points: after 20 min and after 20 h. After being weighed at
time point 1 (20 min), the samples were returned into dH,O or
DMEM and incubated at 37 °C. The water uptake, subsequently
referred to as the swelling ratio (SR), was determined as SR = (W, —
W,)/W,. The data was presented as the arithmetic mean + standard
deviation (SD) from three parallel samples for each experimental
group.

2.3.3. Surface Mapping and Characterization of Mechanical
Properties Using AFM. AFM data were acquired only for the samples
coated with ¢600, a600, and c+a. The coatings were prepared by
gradual application of 600 uL of CNF solution on both sides of the
cellulose mesh. The first step is described in Supporting Methods
(S1.2). 3D printed tubes fitted on the CellCrown inserts from the
outer side were utilized for applying the CNF solution in the second
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step. Young’s modulus and the surface arithmetic average roughness
(R,) were determined on the coating from the outer side of the
samples. The samples in the inserts were mounted into a custom
holder and mapped using an Olympus IX 81 camera (Japan) linked
with a JPK NanoWizard 3 AFM microscope (JPK, Berlin, Germany).

Roughness maps of the dry samples were mapped in the hybrid
acquisition mode (Quantitative Imaging mode, QI) with an SNL-10A
probe (tip radius 2 nm, cantilever spring constant 0.361 N/m,
sensitivity 15.4 nm/V; Bruker AFM Probes, Billerica, MA). QI images
were acquired. The dry samples were further examined for their
mechanical properties in the same setup as the roughness mapping
but with an MPP-12120-10 probe (tip radius 8 nm, cantilever spring
constant 5.05 N/m, sensitivity 13.1 nm/V; Bruker AFM Probes,
Billerica, MA); for details, see Supporting Methods (S1.5).

The mechanical properties of the wet samples were probed at time
points of 20 min and 17 h after immersion in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma-Aldrich Co., St. Louis, MO, Cat. no.
D2902). In addition, the probe was replaced by a CP-qp-CONT-SiO
colloidal probe (tip diameter 6.62 pum, cantilever spring constant
0.391 N/m, sensitivity 45.23 nm/V; NanoAndMore, Wetzlar,
Germany); see Supporting Methods (S1.5).

All measurements were preceded by a calibration process. Two
parallel samples (eight measurements in total) were used for each
experimental group, and the data were presented as the median
(Mdn) and the interquartile range.

2.4. Evaluation of Cell Behavior on CNF-Coated Meshes.
Two cell types (Section 2.4.1) were cultured on meshes coated with
each of the CNF coatings and on the noncoated meshes (Section
24.2) to compare the dependence of the cell behavior on the
parameters of the sample. The proliferation (Section 2.4.3), the
morphology (Section 2.4.4), and the protein-mediated adhesion
(Sections 2.4.5, 2.4.6, and S1.12) of the cells were evaluated.

2.4.1. Cell Models and Culture Conditions. Neonatal normal
human dermal fibroblasts (NHDFs, Lonza, Basel, Switzerland, Cat.
no. CC-2509) were cultivated in the DMEM medium with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Gibco, Waltham, MA,
Cat. no. 10270-106) and 40 pg/mL gentamicin (LEK, Ljubljana,
Slovenia). Adipose-tissue-derived stem cells (ADSCs) were isolated
from lipoaspirates after donors’ confirmed written informed consent
had been obtained, in compliance with the Declaration of Helsinki,
and under ethical approval by the Ethics Committee at Na Bulovce
Hospital in Prague. The isolation procedure for the ADSCs was
performed according to Estes and co-authors,” with slight
modifications as previously described.*>*' The pooled ADSCs (for
details, see Supporting Methods S1.6) were cultured in the DMEM
medium and supplemented with 10% FBS, 40 pg/mL gentamicin, and
10 ng/mL recombinant human basic fibroblast growth factor (FGF2;
GenScript, Piscataway, NJ).

2.4.2. Cultivation of Cells on CNF-Coated Meshes. The CNF-
coated and noncoated meshes, fixed into CellCrown inserts and
placed into 24-well cell culture plates (see above), were seeded with
NHDFs and ADSCs in passage 3 at a density of 20 000 cells/insert
(i, approx. 25000 cells/cm®) in 1 mL/well of the cell culture
medium. An amount of 0.5 mL/well was added after 2 h of cultivation
into the final volume of 1.5 mL/well. The cells were cultivated for 7
days in a cell incubator at 37 °C in a humidified air atmosphere with
5% CO,. The behavior of the cells was evaluated in three time
intervals (days 1, 3, and 7), and the culture wells of 24-well
polystyrene plates (PS) were used as a control material.

2.4.3. Metabolic Activity of the Cells on CNF-Coated Meshes
(Resazurin Assay). The level of metabolic activity of the NHDFs and
ADSCs on cellulose meshes with all CNF coatings was measured as
an indirect marker of the cell number in three time intervals (days 1,
3, and 7) using the conversion of resazurin sodium salt (Sigma-
Aldrich Co., St. Louis, MO, Cat. no. R7017) into resorufin by
mitochondrial enzymes (for details, see Supporting Methods S1.7).
Four parallel samples were used for each experimental group and each
time interval. The data were presented as the arithmetic mean +
standard deviation and were used for constructing growth plots to
view the overall growth dynamics of the cells.
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2.4.4. Fluorescence Staining and SEM Imaging of the Cells on
CNF-Coated Meshes. The morphology of NHDFs and ADSCs
seeded on the cellulose meshes with all CNF coatings was visualized
in three time intervals (days 1, 3, and 7) by staining filamentous actin
(F-actin) and vinculin, an important protein of focal adhesion
plaques. Vinculin was stained to indicate the level of specific receptor-
mediated cell adhesion and cell spreading. The detailed staining
protocol and the imaging setup are presented in Supporting Methods
(S1.8).

The morphology of the cells on the CNF-coated and noncoated
meshes was further assessed by SEM on day 3 after cell seeding. The
dehydrated samples, see Supporting Methods (S1.8) for details, were
fixed on aluminum stubs using a carbon tape, followed by gold
coating.

2.4.5. Protein Adsorption on CNF-Coated Meshes (Pierce BCA
Protein Assay Kit). The investigated materials were preadsorbed with
proteins derived from blood serum—FBS or bovine serum albumin
(BSA)—which modulate the cell adhesion. The total amount of these
proteins adsorbed on the CNF-coated (c600, a600, c+a) and
noncoated meshes was evaluated by the Pierce BCA Protein Assay
Kit (Pierce BCA Protein Assay, Rockford, IL); for details, see
Supporting Methods (S1.9). Four parallel samples (eight measure-
ments in total) were used for each experimental group, and the data
were presented as the arithmetic mean + standard deviation of the
adsorbed proteins (mg/sample), calculated from the BSA calibration
curve according to the manufacturer’s protocol. The data were further
expressed as the ratio of the adsorbed proteins (mg/sample) to the
concentration of the total proteins in 1.5 mL of added FBS and BSA
solutions and given as a percentage.

2.4.6. Cell Adhesion on cCNF Coatings Preadsorbed with
Proteins. To explain the cell behavior on ¢cCNF coatings, meshes
(see S1.10) and glass coverslips (see S1.11) with cCNF coatings were
used for evaluating the dependence of the cell adhesion on the
composition of the preadsorbed proteins. The initial cell adhesion on
the c600 coatings was observed by fluorescence staining of the cells, as
described above (Section 2.4.4). The treated group of cCNF coatings
was preadsorbed with proteins for 2 h before cell seeding, while the
cCNF coating control group was seeded with cells and proteins
simultaneously (Scheme S1).

2.5. Statistical Analysis. The statistical significance of the data
measured by AFM was evaluated using the nonparametric analysis of
variance (Kruskal-Wallis), with Tukey’s posthoc test for pairwise
comparison. Values of p < 0.05 were considered significant. If not
stated otherwise, the data postprocessing and statistical testing were
performed in Matlab 2019a (MathWorks Inc., Natick, MA). The
parametric data from the measurements of the swelling ratio, the cell
metabolic activity, and the protein adsorption were evaluated using
parametric analysis of variance (ANOVA) with Tukey’s posthoc test
for pairwise comparison. Values of p < 0.05 were considered
significant.

3. RESULTS

3.1. Structural Characterization of the Noncoated
and CNF-Coated Meshes. According to the MicroCT
analysis (Figure S1), the average fiber thickness of the
noncoated mesh was 7.2 + 1.97 ym (max. 16.1 um), while
the average void thickness was 44.3 + 36.3 ym. The noncoated
mesh possessed high porosity of 84.9%.

The topography of the noncoated and CNF-coated meshes
was analyzed using SEM (Figure 1). Depending on the volume
applied on the surface of the cellulose mesh and on the charge
of the CNFs, the CNF solutions either penetrated into the
pores of the mesh, mimicking the 3D structure of the mesh, or
formed an almost flat layer on top of the mesh (Figure S1).
The CNF solutions with a volume of 150 uL (alS0, c150)
covered the individual fibers of the mesh and filled the pores
between them (see the first column in Figures 1 and S1), while
a volume of 600 uL (c600, a600) formed a thin film on the
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Figure 1. Topography and roughness. Front view and side view (inset image) of SEM images of c150, c600, 2150, a600, and c+aCNF-coated and
noncoated meshes (left and center). The roughness of the c600, 2600, and c+aCNF-coated meshes was measured by AFM (right).

surface of the mesh (see the second column in Figures 1 and
S1). At the same time, the cCNFs, mainly c600 and c+a,
showed a tendency to form a flat, 2D film-like coating on the
mesh surface, while the aCNFs, predominantly al50, covered
the individual mesh fibers and filled the pores between them,
which created a more pronounced 3D microtopography. As a
result, the best-developed 3D microtopography was obtained
using 150 uL of aCNFs, and the most pronounced film-like 2D
microtopography was observed when 600 uL of cCNFs or ¢
+aCNFs was used (Figures 1 and S1).

The surface roughness was determined using AFM. The
results show that the R, median of a600 was 9.04 nm and the
R, median of ¢600 was 10.20 nm The R, median of c+a was
55.76 nm (Figure 1). Groups c600 and a600 were significantly
different from group c+a (p = 0.025) (Figure S1).

3.2. Swelling Ratios and Contact Angles of CNF
Coatings. The swelling ratios of the noncoated and c600,
a600, and c+aCNF-coated meshes were determined after 20 h
in deionized water (dH,0) and DMEM. The highest swelling
ratio was measured in dH,O in the ¢600 coatings. However,
there was no significant difference between CNF-coated and
noncoated meshes in DMEM (Figure 2A). Due to the
considerable water uptake of the underlying meshes, the
CNEF coatings were prepared on glass coverslips and the
swelling ratio in DMEM was measured (Figure 2B). The
swelling ratio of the c600 coatings was significantly higher than
those of the a600 and c+a coatings after 20 min in DMEM, but
after 20 h, there was no additional water uptake by the c600
coatings (Figure 2B). However, the water uptake by the a600
coatings increased with time, and the values after 20 h were
significantly higher (p = 0.03) than the values after 20 min
(Figure 2B). The swelling ratio of the c+a coatings increased
slightly between 20 min and 20 h (Figure 2B). The swelling
ratios of the noncoated meshes in DMEM and dH,O were
comparable (Figure 2A), and they remained relatively
unchanged during the incubation period in DMEM (Figure
2B). The measured contact angles are reported in the
Supporting Information (Figure S2).

3.3. Stiffness of the CNF Coatings Measured Using
AFM. The average stiffness values (arithmetic mean + SD) of

c600, 2600, and c+aCNF-coated meshes in the dry state were
0.572 + 0.24 GPa (Mdn = 0.640), 0.683 + 0.45 GPa (Mdn =
0.538), and 0.315 + 0.10 GPa (Mdn = 0.275), respectively.
Although there was a significant difference in coating stiffness
between 2600 and c+a (p = 0.034), the mean Young moduli
reached the same order of magnitude, and the confidence
interval demonstrated only a negligible difference (Figure 2C).

The average stiffness values of the CNF-coated meshes after
wetting in DMEM for 20 min were 121 + 16 kPa (Mdn =
116), 342 + 101 kPa (Mdn = 326), and 241 + 83 kPa (Mdn =
230) (Figure 2D—O0 h). Young’s moduli in the wet state
(Figure 2D) are, on an average, three orders of magnitude
lower than that in the dry state (Figure 2C), which indicates
considerable softening of the materials after wetting. The c600
coatings were significantly (p = 0.002) softer than the a600
coatings, while the stiffness of the c+a coatings was between
them after 20 min in DMEM (Figure 2D, 0 h).

The average stiffness values of the CNF-coated meshes after
17 h in DMEM were 131 + 37 kPa (Mdn = 121), 173 + 117
kPa (Mdn = 194), and 219 + 174 kPa (Mdn = 221),
respectively (Figure 2D, 17 h). Although the median values of
a600 and c+a stiffness were higher than the c600 stiffness
values, no significant difference between the tested groups was
found (Figure 2D, 17 h). There was a significant difference (p
= 0.034) within the a600 coatings, depending on the time
scale, while Young’s moduli of the c600 (p = 0.999) and c+a (p
= 0.848) coatings did not differ significantly after 17 h from the
situation after 20 min. The stiffness of the a600 coatings
decreased with time (Figure 2C), while the water uptake
increased with time (Figure 2A), which means that a600
coatings become softer during incubation in DMEM.

3.4. Cell Behavior on CNF-Coated Meshes. 3.4.7. Over-
all Growth Dynamics of Cells on CNF-Coated Meshes. The
growth of NHDFs and ADSCs on the CNF-coated and
noncoated meshes was evaluated at three time intervals by
measuring the cell metabolic activity using the resazurin assay.
The values of the cell metabolic activity—an indicator of the
cell number—were used for constructing growth plots to
evaluate the overall growth dynamics of the cells within a 1-
week period (Figure S3).
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Figure 2. Swelling ratio and stiffness. Swelling ratio of CNF-coated meshes after 20 h in dH,0 and DMEM (A). Swelling ratio of CNF-coated glass
coverslips after 20 min in DMEM and after 20 h in DMEM (B). Arithmetic mean + SD from three independent samples, ANOVA, Tukey’s
method, and statistical significance (p < 0.05). Young’s modulus before wetting with DMEM (dry state; C) and after wetting with DMEM (wet
state; 0 h; 17 h; D). Median and interquartile range from eight measurements, Kruskal—Wallis, Tukey’s method, and statistical significance (p <

0.05).

The dynamics of the cell growth on meshes coated with
aCNFs or c+aCNFs were comparable to the dynamics on
standard tissue culture PS, while on the cCNF-coated meshes,
it was similar to the dynamics on the noncoated meshes.
Interestingly, these differences were more apparent in NHDFs
than in ADSCs (Figure S3). This motivated a deeper analysis
of the mechanisms behind these phenomena. The initial
adhesion of the two cell types on the CNF-coated and
noncoated meshes (Figure 3) and the adsorption of serum-
derived proteins (Figure 4) were characterized on day 1 after
cell seeding. The proliferation and the morphology of the cells
were observed on day 3 when the cells were fully spread and
their morphology was well developed (Figures SS and $). The
final status of the colonization of the CNF-coated cellulose
meshes with cells was evaluated on day 7 (Figures S6 and 6).

3.4.2. Day 1: Initial Adhesion of Cells on CNF-Coated
Meshes. We observed that the metabolic activity and the
morphology of the NHDFs and the ADSCs on the cCNE-
coated and aCNF-coated meshes differed (Figure 3). The
metabolic activity of the NHDFs was significantly lower on the
cCNF coatings than that on the aCNF and c+aCNF coatings
(Figure 3A). Conversely, the metabolic activity of ADSCs on
the cCNF coatings was mostly similar to, or even slightly better
than, on the aCNF coatings (Figure 3B). The cell metabolic
activity of both cell types on c+a coatings reached almost the
same level as on polystyrene (PS = 100%; Figure 3A,B).

Similarly, the visualization of the cell morphology revealed
that NHDFs on c600 coatings was often rounded and
nonspread (Figure 3C), while the adhesion and spreading of
ADSCs were almost the same as those on the a600 and c+a
coatings (Figure 3D). The 3D topography of the a150 CNF-
coated meshes supported the attachment and physiological
elongation of both cell types. The flat c600, a600, and c+a
coatings were more suitable for cell spreading into a polygonal
shape, as they provided the cells with a more homogeneous flat
area (Figure 3C,D). Vinculin was homogeneously dispersed
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throughout the cells, and no distinct focal adhesion sites were
observed in the cells on any type of the CNF coating (Figure
3C,D), even at higher magnification (objective 40X; data not
shown).

3.4.3. Day 1: Adsorption of Serum-Derived Proteins on
CNF-Coated Meshes. To explain the differences in the initial
cell attachment and spreading on the CNF-coated meshes on
day 1, c600, a600, c+a and noncoated meshes were
preadsorbed with serum-derived proteins modulating cell
adhesion (Figure 4). When the samples were pretreated with
1.5 mL of 10% FBS in DMEM, a significantly greater amount
of proteins was adsorbed on the c600 and c+a coatings than
that on the a600 coatings and on the noncoated meshes
(Figure 4A). To estimate the adsorption of non-cell-adhesive
BSA from 10% FBS, the samples were pretreated with 1.5 mL
of 0.25% BSA in DMEM, which theoretically corresponds to
the average concentration of BSA in 10% FBS. Interestingly,
the absolute amount of adsorbed BSA on the ¢600 coatings
was lower than that of the absolute amount of proteins
adsorbed from 10% FBS (Figure 4A). However, the percentage
of BSA (15.6%) adsorbed on c600 from the BSA solution was
higher than the percentage of proteins (13.1%) adsorbed from
10% FBS (Figure 4B). In contrast, the percentage of BSA
(5.5%) adsorbed from the BSA solution on the a600 coatings
was lower than that of the percentage of proteins (6.9%)
adsorbed from the 10% FBS (Figure 4B). On the c+a coatings,
the BSA (12.4%) adsorbed from the BSA solution in a similar
proportion to the proteins (12.5%) adsorbed from the 10%
FBS (Figure 4B). These results indicate that the c600 and c+a
coatings adsorbed more non-cell-adhesive BSA from the FBS
than the a600 coatings and noncoated meshes adsorbed. This
may explain the lower cell adhesion on the cCNF coatings than
that on the aCNF coatings.

3.4.4. Day 1: Adhesion of Cells on cCNF Coatings
preadsorbed with Serum-Derived Proteins. Due to the
differences in attachment between the cells on cCNFs (Figure
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Figure 3. Metabolic activity (A, B) and the morphology (C, D) of NHDFs and ADSCs on CNF-coated and noncoated meshes on day 1 after cell
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bar = 50 ym.

3) and due to the adsorption of the serum-derived proteins
predominantly on the cCNFs (Figure 4A,B), the initial
adhesion of cells on preadsorbed serum-derived proteins was
studied only on the cCNF coatings.

On the cCNF-coated meshes preadsorbed with FBS, the
ADSCs and NHDFs adhered in low numbers, and their shape
after 24 h was abnormal and nonphysiological (Figure 4C,D).
However, when the cells were seeded in DMEM supplemented
with FBS on pure cCNF-coated meshes, the adhered ADSCs
were almost confluent and were well-spread after 24 h. In
contrast, the number of adhered NHDFs remained low, and
their morphology was comparable with the NHDFs on the
cCNF coatings preadsorbed with FBS. Similar results were
observed in BSA, although this protein is nonadhesive for cells.
On meshes preadsorbed with BSA, both cell types were unable
to spread after 2 h. However, when the cells were seeded on
pure cCNF-coated meshes in DMEM supplemented with BSA,
the ADSCs adhered in greater numbers than the NHDFs and
showed some tendency to spread after 2 h of cultivation
(Figure 4C,D).

In addition to the investigation into cCNF-coated meshes,
the response of NHDFs and ADSCs to the preadsorbed

4862

proteins was investigated on cCNF-coated glass coverslips to
eliminate the effect of the underlying mesh and to enable live-
cell imaging. The results were basically similar to those
obtained on the cCNF-coated meshes, i.e., (1) poor adhesion
and spreading of both cell types on glass coverslips
preadsorbed with FBS or BSA, (2) almost equally poor
adhesion and spreading of NHDFs seeded on pure glass
coverslips in a medium supplemented with FBS or BSA, but
(3) relatively good adhesion and spreading of ADSCs seeded
on glass coverslips in a medium with FBS or BSA (Figure S4).

These results suggest that ADSCs adhere more quickly than
NHDFs; that is, mostly before the adsorption of non-cell-
adhesive albumin, which is contained in FBS. This assumption
was confirmed by live-cell imaging using cell trackers.
Simultaneous seeding of NHDFs (red) and ADSCs (green)
on a cCNF-coated glass substrate in DMEM with 10% FBS
revealed that the attachment and spreading of ADSCs was
quicker than the attachment of NHDFs, which were much
slower in their attachment and were not able to spread
properly (Supporting Video).

3.4.5. Day 3: Proliferation and Morphology of Cells on
CNF-Coated Meshes. Measurements of cell metabolic activity
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Figure S. Morphology of NHDFs (A) and ADSCs (B) on CNF-coated and noncoated meshes on day 3 after cell seeding, acquired by SEM. Scale

bar = 20 ym.

after 3 days of cultivation (Figure SSA,B) revealed that aCNF-
coated meshes (alS0, a600) significantly increased the
proliferation capacity of both cell types compared to the
noncoated meshes (mesh) and the cCNF-coated meshes
(c150, c600). The metabolic activity of NHDFs on cCNF-
coated meshes (c150, c600) was almost at the same level as on
noncoated meshes, and it remained at almost the same level as

4863

on day 1 (cf. Figures SSA and 3A). The negative influence of
cCNFs on cell behavior started to be visible also in ADSCs
(Figure S3). However, the metabolic activity of the ADSCs
was still slightly higher on the c150 and c600 coatings than the
metabolic activity of the NHDFs (Figure SSA,B). Similarly to
day 1 (Figure 3A,B), the metabolic activity of both cell types
on the c+aCNF-coated meshes was comparable with the values

https://dx.doi.org/10.1021/acs.biomac.0c01097
Biomacromolecules 2020, 21, 4857—-4870


http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c01097/suppl_file/bm0c01097_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c01097/suppl_file/bm0c01097_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c01097/suppl_file/bm0c01097_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c01097/suppl_file/bm0c01097_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01097?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01097?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01097?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01097?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01097?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01097?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01097?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01097?fig=fig5&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c01097?ref=pdf

Biomacromolecules

pubs.acs.org/Biomac

N Morphology of NHDFs B Morphology of ADSCs

(2] 161 um

[2] 130 um

[Z]72 um

[Z) 142 um

[2)75 um

Figure 6. Morphology of NHDFs (A) and ADSCs (B), guided by the topography of the CNF-coated meshes after 7 days of cultivation. 3D
projection of microscopy images (front view and side view) of the cells on CNF-coated meshes. F-actin of the cell cytoskeleton is stained in red,
and vinculin in the cells is stained in green. A confocal microscope with an objective magnification of 40X.

on the control polystyrene (PS = 100%) but was significantly
lower than the values on the a600 CNF-coated meshes (Figure
SSA,B).

After 3 days of cultivation, the cells were mostly spread, and
the morphology and the orientation of both cell types were
guided by the surface topography of the CNF-coated meshes.
The flat 2D surface of the c600 coatings markedly supported
the growth of ADSCs (Figure SB), while the NHDFs were
poorly spread and started to detach from the c600 coatings
(Figure SA). However, this rounded morphology of the
NHDFs was slightly improved by the 3D topography of the
c150 coatings, where the cells acquired a more physiological
spindle-like morphology (Figure S and SSC). Similarly,
although the number of both cell types was higher on the
2D surfaces of the a600 coatings, more elongated cells were
observed on the 3D surface of the al50 coatings. The cells on
noncoated meshes were round and were barely attached
(Figures S and SSC,D).

3.4.6. Day 7: Final Colonization of the CNF-Coated
Meshes with Cells. The metabolic activity of ADSCs on all
types of tested materials was generally lower than the
metabolic activity of the NHDFs (Figure S3). However, the
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proliferation of both cell types on the cCNF-coated and
noncoated meshes was significantly lower than that on the
aCNF- and c+aCNF-coated meshes. Despite the overall low
growth capacity of the cells on the cCNF coatings, the
numbers of both cell types were higher on c150 than those on
c600 (Figure S6A,B). On a600 and c+a, both cell types
reached confluence and colonized almost the entire surface
(Figure S6C,D). On day 7, the cell growth capacity on the 3D
surface of al50 was equalized with the cell growth capacity on
2600 and on c+a, especially in the case of NHDFs (Figure S6).

The 3D projections of microscopy images of cells on the
CNF-coated meshes revealed that the 2D coatings (a600 and c
+a) enhanced the proliferation and spreading of both cell types
only in the xy directions, while the 3D coatings (al50)
supported elongation of the cells on the mesh fibers and
between them in all xyz directions (Figure 6). Therefore, the
3D surface of the al50 coatings provided more space for cell
elongation and proliferation (Figures 6 and S6). The negative
effect of cCNF, mainly of c¢600 coatings, on cell attachment
was manifested by the formation of clusters of ADSCs and
spheroids of NHDFs (Figures 6 and S6).
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The interaction of the cells with the material surface
topography and the formation of vinculin-containing focal
adhesion sites were evaluated from 3D projections of
microscopy images (Figure 6). During 1 week of cultivation,
the interactions between the cells and the surface topography
features were established, and a positive effect of the 3D
topography of the al50 coatings and also of the c150 coatings
on cell growth was observed (Figures 6 and S6C,D). The cells
detaching from the c600 CNF-coated meshes showed vinculin
dispersed throughout the cell without creating any focal
adhesions, except for the spheroidal structures, where vinculin
seems to be located in the cell—cell contacts. On the c150
CNF-coated meshes, vinculin was more visible in the cells, but
only a few barely detected focal adhesions were observed
(Figure 6). On the aCNF-coated meshes, the cells were spread
in all three dimensions and grew along the directions of the
mesh fibers, and focal adhesions were clearly visible (see a150
in Figure 6). On the predominantly 2D surface of the a600
coatings, a higher vinculin signal was observed in the cells that
were migrated upward to the top of the protruding aCNF-
coated mesh fibers (see a600—arrows in Figure 6).

4. DISCUSSION

4.1. Properties of CNF-Based Coatings. In this study,
we prepared nanocellulose-based coatings on a microfibrous
cellulose mesh to improve its properties as a cell carrier in skin
tissue engineering and wound healing applications.

Based on the amount of the CNF solutions that was applied,
two different coating microtopographies were formed. A
greater volume of the CNF solution (600 uL) resulted in
the formation of a flat film-like coating on the surface of the
cellulose mesh, while a lower suspension volume (150 uL)
resulted in a coating that covered the individual fibers of the
mesh. Although the topographies can be regulated by the
volume of the solutions, the ¢cCNF solution predominantly
formed a film-like coating on the surface of the cellulose mesh,
while the solution of aCNFs leaked into the mesh pores more
easily and predominantly covered the individual mesh fibers
(Figures 1 and S1). This behavior can be explained by the
presence of larger fibrils in the cCNF solution than in the
aCNF solution.””** The larger cCNF fibrils were accumulated
on top of the mesh fibers and prevented further penetration of
the cCNF solution into the mesh pores, which resulted in a
thin film on the mesh surface. This phenomenon was utilized
in the preparation of the c+aCNF coatings, where the cCNF
solution was first applied on the mesh followed by the
application of aCNF and then by mixing of the two solutions.
The larger ¢cCNF fibrils blocked the pores and prevented
penetration of the aCNFs. The aCNFs formed ionic cross-
linking with the oppositely charged sidechains of the cCNFs, as
the trimethylammonium (—N(CH,),;") group of cCNFs can
form ionic bonding with carboxyl (—COO~) groups of
aCNFs.™

To describe the functionality of the CNF coating at the cell
perception level, the surface roughness of the CNF coating was
measured. The roughnesses of the c600 (R, ~ 9.04 nm) and
a600 (R, ~ 10.2 nm) 2D coatings were similar (Figures 1 and
S1). The greater variation in the roughness of c600 is probably
due to the locally distributed larger fibers present in the cCNF
solution.'”** The greater roughness of c+a (R, ~ 55.76 nm)
could be due to strong ionic cross-linking between the anionic
—COO™ and cationic —N(CH;);" groups that probably
formed the local aggregation of the nanofibrils.
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The different surface chemistries of the CNF coatings
influence the wettability and the water uptake, which results in
the different swelling properties and the different softening
dynamics of the coatings. The more hydrophilic surface of
aCNFs presents —COO~ and hydroxyl (—OH) functional
groups that enable hydrogen bonding.”> Thus, the aCNF
coating binds more water on the surface, resulting in a lower
contact angle (31°) with water than that on the surface of the
cCNFs, which contains not only hydrophilic —OH groups but
also more hydrophobic methyl (—CH,) groups. The —CH,
groups do not form hydrogen bonds.”” This renders the cCCNF
surface more hydrophobic, resulting in a higher contact angle
on cCNFs (65°) with water. The hydrogen-bonding capacity
may also influence the penetration of the fibrils into the mesh
pores, as discussed above. The cellulose mesh has more
hydrogen-bonding sites for —COO~™ and —OH groups of
aCNFs than those for the —CH; of the cCNFs.”> HPTMA
functionalization of the —OH group in C2 of the cCNF
cellulose backbone®>*® resulted in a larger functionalized
moiety than that in the case of the smaller COO™-
functionalized —OH group in C6 of aCNFs. Thus, the
cCNFs form a more branched and spongier structure (see the
structures in Chaker and Boufi**), which enables cCNFs to
take up more water’® than aCNFs. The positively charged
—N(CH;);" groups interact with dipolar substituents,”’
enabling solvation even though the —CHj; groups make the
cCNFs more hydrophobic.

The swelling ratio and the changes in surface stiffness were
measured with time. The surface stiffness of all wetted CNF
coatings was dramatically reduced in comparison with the
coatings in a dry state. The greater stiffness of the aCNF
coatings in comparison with that of the cCNF coatings at the
beginning can be explained by the capacity of oxidized
nanofibrils to build up a strong network held together by
hydrogen bonding,”® while the presence of the 2-HPTMA
chloride moiety of the cCNFs reduces hydrogen bonding and
thus weakens the cohesion of the network.”® The softening of
aCNFs with time could also be due to displacement of the
hydrogen bonding between the —COO™ and —OH groups by
the hydrogen bonding between the —COO~ and H,O
molecules. In addition, the charged groups of CNFs should
also increase the hydrophilicity of the material. It has been
reported that TEMPO oxidation increases the negative charge,
resulting in electrostatic repulsion between the fibrils in a wet
state; thus, the high negative charge of TEMPO-oxidized
CNFs causes low water resistance’® and high swelling.”® The
surface charges of our aCNF and cCNF coatings are probably
similar to the reported {-potential values for the corresponding
grades of CNFs, which were —69.5 mV (for aCNFs) and +41
mV (for ¢cCNFs).>”* The negative surface charge, in
combination with hydrogen bonding to the water molecules,
could explain the swelling and softening of aCNF coatings over
time, while the branched sponge-like structure of —N(CHj,);"
groups could contribute to the higher total water uptake of
cCNF coatings. The swelling of cCNFs decreased slightly,
while the mean stiffness increased slightly. This is particularly
apparent during the immersion of cCNFs in DMEM. The ions
present in DMEM may enable ionic cross-linking to some
extent, which reduces the water uptake and increases the
strength of the material, which was observed for cCNFs over
time. In summary, the general trend in stiffness follows the
general trend of the swelling of the coatings. There was a
significant difference in swelling of c600 between water and
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DMEM (Figure 2A). Unlike the deionized water used in our
experiments, DMEM contains a variety of ions that can
interact with the positively charged moieties of c600, and
subsequently, fewer water molecules are occupied around these
sites, resulting in less water uptake than that in the case of the
samples soaked in deionized water (Figure 2A).

The microtopographical structure of the c+a combination is
similar to that of the cCNFs, while the contact angle, swelling,
and stiffness properties more closely resemble those measured
on the aCNF coatings. The roughness of the c+aCNF coating
differs from the roughness of both cCNFs and aCNFs. The
values of contact angle and the swelling of c+aCNFs are closer
to the values of aCNFs than to the values of cCNFs. This is
probably due to strong ionic cross-linking between c+aCNFs,
which prevents the water from penetrating into the structure.
However, the c+aCNF coating contains more hydrophilic
hydrogen-bonding groups than the cCNF coatings, which may
also have an effect on the swelling and stiffness. The stiffness of
the c+aCNFs coating did not decrease over time, as was
observed with the aCNF coatings. This can be explained by
strong ionic cross-linking, which can reduce the interactions of
hydrogen-bonding groups with water molecules. The c+aCNF
combination, therefore, offers an interesting set of properties,
which might be further adjusted to create not only film-like
coatings for cell cultivation but also 3D cross-linked CNF gels
for cell embedding and for 3D printing.

4.2, Cell Behavior Influenced by the Properties of
CNF Coatings. A comparison was made between two coating
microtopographies—the 2D film-like topography and the 3D
coating topography—for differences in cell-material inter-
actions. Our results suggest that the flat substrates of c600,
a600, and c+a, where the cells formed monolayers, can be
suitable for cell sheet technology. This technology enables the
creation of self-standing, mechanically resistant, continuous
cell sheets that can be replanted on other substrates, such as
tissue-engineered skin constructs in vitro or wound beds in
vivo. The cell sheets can be released from cellulose substrates
by cellulase enzymes, which are not cytotoxic. In addition,
unlike proteolytic enzymes such as trypsin or collagenase, they
preserve the cell-to-cell connections and the ECM proteins
within the sheets.”® The 3D substrates of ¢150 and al50,
where the cells penetrated into the material, are also promising
for tissue engineering and for future clinical applications. 3D
substrates made of a CNF-coated cellulose mesh might provide
sufficient space for the cells for in vitro long-term cell
cultivation and might allow for better diffusion of nutrients
than the widely used hydrogels."'

Not only the microtopography of the material but also the
cell-material interactions can also be modulated by the
elasticity, roughness, and surface chemistry of the material. The
elasticity of natural tissues varies from 0.2 to 1 kPa for soft
tissues, such as brain or fat, via medium-soft tissues such as
skin (10—30 kPa), to hard tissues of more than 10° kPa, e.g.
for bone.*”** The stiffness of our CNF coatings is close to the
stiffness of native tissues such as fibrotic tissue (100 kPa),
cartilage, and tendon (approaching 10° kPa).”>** By
comparison, Kummala et al. introduced 0.1 mm thick CNF
films with Young’s modulus between 1 and 60 kPa.” Although
the CNF substrates used in this study were much softer than
the conventional cell culture substrates (GPa),”* they can be
considered as relatively stiff substrates at the cell perception
level. For example, Achterberg et al. determined Young’s
modulus of native human dermis using AFM between 0.1 and
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10 kPa, depending on the location, which is at least 10 times
softer than our CNF substrates.**

Not only the stiffness but also the roughness is important at
the cell perception level, especially for initial cell attachment,
because the cell focal adhesions are in the nanoscale range
from 2 to 200 nm.* Alterations in material surface roughness
can influence the adhesion and further proliferation of
fibroblasts, as described by Bourkoula et al, and also the
spreading and differentiation of mesenchymal stem cells, as
observed by Hou et al.***” While the aCNF and cCNF
coatings showed relatively low roughness, the c+aCNF
combination showed a rougher surface (see R, ~ 55.76 nm
in Figure 1), which corresponds to the least rough surface
measured by Hou et al.”’ These authors revealed that the
substrates with the lowest studied roughness (R, ~ 31.49 nm)
supported cell adhesion and spreading, but the cell-substrate
tension and osteogenesis were only moderate in comparison
with the substrates with intermediate roughness (R, ~ 183.16
nm)."’

Although the studied CNF surfaces differ in many
parameters, including the microtopography, roughness, swel-
ling ratio, and Young’s modulus, we assume that the main cell
adhesion-modulating factor is the surface chemistry of CNFs,
which governs the surface charge and wettability. The surface
chemistry can determine the composition of proteins adsorbed
on CNF surfaces and the speed with which various serum
proteins are adsorbed and the cells are adhered.”* It is
generally known that cells adhere to material substrates
through the proteins adsorbed to the material surface from
the biological fluids. Adhesion-mediating proteins, such as
fibronectin, vitronectin, collagen, and laminin, contain specific
amino acid sequences (e.g., RGD) that can be recognized by
integrin receptors on cells, while albumin is nonadhesive for
cells due to the lack of these specific adhesion sequences in its
molecule. However, albumin can improve the geometric
conformation of the cell adhesion-mediating proteins for
binding by cell adhesion receptors.”’ Based on the Vroman
effect—i.e., the dynamics with which proteins adsorb and
interchange in time—we can assume that the NHDFs and
ADSCs adhered to a layer of proteins that differ in their
composition.48

We have demonstrated that cCNFs with positively charged
—N(CHj;);" tails adsorb more proteins, predominantly BSA,
than aCNFs with negatively charged —COO functional groups
(Figure 4). Similar results were achieved by Attwood et al.>®
with well-defined positively charged —N(CH;);*- and
—COO™-terminated self-assembled monolayers (SAMs) and
also by Courtenay et al,, who quantified the proteins adsorbed
from FBS, specifically BSA, on positively charged GTMAC-
modified cCNF scaffolds.””*” They revealed increasing protein
adsorption with increased cationization. The greater affinity of
BSA to positively charged surfaces could be due to the negative
character of the BSA at the physiological pH of DMEM.>">*
We could expect that the negatively charged proteins in FBS,
such as fibronectin, vitronectin, and BSA, have the same
electrostatic affinity to the positively charged surfaces at the
physiological pH of DMEM due to their similar theoretical
isoelectric points.26 However, the concentration of BSA at a
level between 35 and 50 mg/mL in FBS is 100—1000 times
higher than the concentration of other proteins,”*>” which
makes BSA the most abundant adsorbed protein on positively
charged substrates. Furthermore, Hoshiba et al.*¢ revealed that
the absolute amount of adsorbed proteins on chemically
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modified charged methacrylates (MA) is less important than
the protein composition of the most superficial layer. In their
study, positively charged —N(CHj;),"-terminated MA ad-
sorbed more proteins from FBS than were absorbed by
negatively charged —COO™-terminated MA. However, the
most superficial layer of —COO™-terminated MA contained
more cell adhesion-mediating proteins, mainly vitronectin, and
also fibronectin in its more suitable conformation for cell
adhesion.”® In general, the positive effect of negatively charged
—COO"~ termination on cell adhesion, spreading, and
proliferation of various substrates has been confirmed by
many other research groups.”****

The abundant yields of BSA on the surface of the cCNF-
coated meshes probably reduced the amount of attached
NHDFs, but it did not influence the attachment of the ADSCs.
Based on Courtenay et al’s work, we hypothesize that the
ADSCs were attracted by the positive charge on the surface of
the cCNFs, and their attachment can be classified as protein-
independent electrostatically mediated adhesion.”® Unlike
Courtenay et al., we observed this phenomenon with ADSCs
not only in a serum-free medium but also in a serum-
containing medium (Figure S4 and the Supporting Video).®
This could be due to a higher adhesion speed of ADSCs than
that of NHDFs, which enabled them to adhere before the
adsorption of BSA took place. This was clearly visible
especially on the ADSCs that were not able to adhere to the
cCNF coatings, which were preadsorbed with FBS or
nonadhesive BSA (Figure 4). Although ADSCs adhered to
the cCNF coatings in large numbers, their cell adhesion forces
were rather weak, as was manifested by the suppression of
proliferation and by the formation of clusters and spheroids.
Courtenay et al. reported similar findings, revealing that there
was greater cell adhesion on cationic nanocellulose than on
anionic nanocellulose in the serum-free medium, while the
cells in the serum-containing medium responded in the
opposite way.® This confirms that the cells in a serum-free
medium adhered to positively charged substrates via integrin-
independent electrostatic interactions, while cell adhesion was
suppressed in the serum-containing medium by the adsorption
of the proteins in an inappropriate spectrum and conformation.
Negatively charged substrates therefore seem to be more
suitable for cells due to the presence of stronger protein-
mediated integrin-dependent adhesions and also weak electro-
static cell-material interactions.”>>* In addition, this specific
integrin-mediated cell adhesion is capable of delivering
appropriate signals to cells, ensuring the viability, proliferation,
and other functions of the cells.

The adsorption of proteins and further cell adhesion is also
mediated by the hydrophilicity or hydrophobicity of the
surfaces.””>”>* Although both CNF coatings were expected to
be hydrophilic due to the charged —COO™ and —N(CH,);*
functional groups,®® the cCNFs (contact angle 65°) were more
hydrophobic than the aCNFs (contact angle 31°). The
presence of neutral —CHj groups on the surface of cCNFs
probably reduced the hydrophilicity, which made the surface
less attractive than the surface of aCNFs for the cells in a
serum-containing medium. Similar results were achieved by
McClary et al. and Faucheux et al. with —CHj;- and —COO™-
terminated SAMs.>>* In addition, Arima and Iwata®’
described how moderately hydrophilic SAMs enhanced cell
adhesion even though they were preadsorbed with BSA, while
hydrophobic SAMs preadsorbed with BSA inhibited cell
adhesion. This was due to the strongly adsorbed BSA on
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hydrophobic SAMs, which cannot be replaced by cell
adhesion-mediating proteins as effectively as on hydrophilic
SAMs, where the proteins interchanged due to the Vroman
effect.””** We could assume that both aCNFs and c+aCNFs
were suitable for cell adhesion and growth due to their
hydrophilic surface character. Although the level of adsorbed
BSA on c+aCNFs was comparable to the level of less
hydrophilic ¢cCNFs (Figure 4), the hydrophilic surface
character of c+aCNFs probably enabled BSA to be replaced
by the cell adhesion-mediating proteins in the most superficial
layer of the adsorbed proteins. However, the less adhesive
cCNF coatings for cells can also occupy an important place in
tissue engineering. As indicated by Figures 6 and S6, these
surfaces can be used for generating three-dimensional
multicellular spheroids, similar to the albumin-coated surfaces
in a study by Okuyama et al.>>

5. CONCLUSIONS AND FURTHER PERSPECTIVES

In this study, we have developed novel electroactive coatings
on a cellulose mesh based on cationic nanofibrils (cCNFs) or
based on anionic cellulose nanofibrils (aCNFs) or based on a
1:1 mixture of both types of nanofibrils (c+aCNFs). When
seeded with normal human dermal fibroblasts (NHDFs) or
human adipose-tissue-derived stem cells (ADSCs), the
negatively charged aCNFs, and also the mixture of c+aCNFs,
appeared to provide better substrates for cell adhesion and
growth than the positively charged c¢CNFs. This was
demonstrated mainly with NHDFs. The most likely explan-
ation for this finding is that the positively charged cCNFs were
more hydrophobic and they preferentially adsorbed albumin,
which is nonadhesive for cells. However, negatively charged
aCNFs and combined c+aCNFs were hydrophilic, and they
adsorbed more serum proteins mediating cell adhesion, such as
vitronectin and fibronectin. In addition, cCNFs attracted the
cells via electrostatic forces, and this non-integrin-mediated cell
adhesion is less efficient in maintaining the viability and the
growth activity of cells. Nevertheless, all three types of CNF
coatings can be utilized in specific biomedical applications, e.g,,
in skin tissue replacement, using cell sheet technology in the
case of aCNFs and c+aCNFs, and the generation of cell
spheroids, in the case of cCNFs. In addition, c+aCNFs provide
an interesting combination of the properties of cCNFs and
aCNFs: the microtopographical structure is similar to that of
cCNFs, while the contact angle, swelling, and stiffness
properties more closely resemble the values for aCNF coatings.
In the future, the properties of the c+aCNF combination can
be further adjusted to create not only film-like coatings for cell
cultivation but also 3D cross-linked CNF gels for cell
embedding and 3D printing.
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Supporting methods and figures (PDF)

Adhesion and spreading of NHDFs (red tracker) and
ADSCs (green tracker) in coculture on cCNF-coated
glass (phase contrast) during the first 22 h after cell
seeding (Supporting Video) (AVI)
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